Abstract Fire has been used to prepare land during tree plantation establishment for many years but uncertainty about how ecosystems respond to prescribed burning makes it difficult to predict the effects of fire on soil nutrients. The aim of this study was to determine the effect of burning accumulated forest residues (slash) on soil chemical properties and how trees respond. We analyzed 40 burned and unburned sites and compared growth of Eucalyptus grandis W. Hill ex Maiden between sites. Soil pH increased by 39% after fire, suggesting reduced soil acidity and increased liming. Total nitrogen increased by 100%; other nutrients (Ca 2? , Mg 2? and K ? ) also increased. Increase in nutrients had a significant effect on the growth of E. grandis; larger and taller trees were associated more with burned than unburned sites. This study provides evidence that burning accumulated slash during land preparation prior to plantation establishment alters soil nutrient status and enhances the growth of E. grandis.
Introduction
Fire has been used to prepare land for the establishment of tree plantations for many decades. However, fire can alter soil properties and influence tree growth (Tng et al. 2014) . It sometimes has a fertilizing effect on both physical and chemical properties (Pyne 2001; Heydari et al. 2015; Nabatte and Nyombi 2013; Thomaz et al. 2014 ). This fertilizing effect led Knapp and Seastedt (1986) and Ojima et al. (1994) to propose the nitrogen mineralization hypothesis, that nitrogen (N) availability is elevated following fire. Since plant growth increases with available N (Yafei et al. 2015) , in this study we expect increased growth of Eucalyptus grandis on burned sites compared to unburned sites.
Several studies have shown that during the first few years following burning, labile nitrogen in soil was higher on burned than on unburned sections of the forest (Certini 2005; James et al. 2018) . Ammonium and nitrates, the main sources of nitrogen for plants, often increase after fire because ammonium is released from organic matter due to heating, and the nitrification process is often stimulated (Wan et al. 2001) . Biological processes are responsible for the release of nitrogen confined in unburned soils and litter. Hart et al. (2005) observed that surviving fungi in the soil after fire become functionally more diverse, and certain nitrifying bacteria increase 10 times more than levels in unburned forests, thereby increasing soil nitrate levels.
Soil acidity contributes to nutrient deficiencies or to toxic conditions that could retard tree growth. For example, the toxicity of aluminum (Al) associated with acid soils is one of the common and severest problems of tropical soils (Rout et al. 2001 ). This suggests that Al toxicity increases with soil acidity, and high Al levels negatively affect the bacteria involved in the N cycle (Rout et al. 2001; Pietri and Brookes 2008) . However, following a fire, ash is deposited on the forest floor and pH increases, thereby decreasing soil acidity (Kim et al. 2011; Nabatte and Nyombi 2013; Xue et al. 2014 ) and preventing Al toxicity and other problems associated with acid soils. The increase in soil pH (a liming effect), has a positive impact on the biological recovery of soils after fire (Pietri and Bookes 2008) , and has been attributed to the accumulation of hydroxides of K and Na, and oxides and carbonates of Mg and Ca (Sanchez 2019) . Furthermore, ash contains large quantities of essential micronutrients which enhance plant growth and contribute to forest productivity (Arocena and Opio 2003; Neff et al. 2005) .
Although fire may have a positive influence on the soil, divergent conclusions have been reported (Neff et al. 2005; Verma and Jayakumar 2012; Heydari et al. 2015) , suggesting that the question of how fire affects soils and plant growth has not been answered. Fire has decreased soil nutrients through volatilization (Zhao et al. 2015) . Inbar et al. (2014) reported a significant decrease of organic matter in the soil following a severe fire, which adversely affected chemical, physical and microbiological properties (Antoine et al. 2013; Zhao et al. 2015) . Decreases in soil organic N and C have also been observed after fire (Murphy et al. 2006) . Depending on the intensity of fire, soil organic C may increase or decrease (Neff et al. 2005) . Increase in bulk density has been reported with a decrease in soil moisture following a fire (Yildiz et al. 2010; Xue et al. 2014) . The collapse of organo-mineral aggregates and clogging of soil pores by ash or free clay minerals have been implicated in the increase of bulk density after fire (Alcañiz et al. 2018 ). This implies a decrease in the water holding capacity and consequently accelerating runoff and surface erosion (Martin and Moody 2001) which adversely affects growth.
The aim of this study was to determine the influence of fire during land preparation for Eucalyptus plantation establishment. The following questions were addressed: (1) Does burning accumulated organic matter increase total-N and essential micronutrients? and (2) Is the growth of E. Grandis enhanced after fire?
Materials and methods
To answer these questions, soils were sampled on burned and unburned sites to determine their characteristics. Stem diameter, height and other parameters for E. Grandis were assessed to determine whether there was a significant difference in growth between burned and unburned sites.
Study site
The study was carried out in E. Grandis plantations in Shiwang' andu district (11°32 0 S and 31°81 0 E) in Muchinga province, approximately 740 km north of Lusaka, Zambia. Climate is typical of a savannah, characterized by three seasons: hot dry (September-November), hot wet (December-April) and cool dry (May-August). The lowest mean temperature (15°C) is usually in June or July and the highest (28°C) in October. Shiwang' andu lies in a high rainfall region, receiving over 1200 mm annually. The area is part of the Central African Plateau and soils are Acrisols, highly leached and acidic. The vegetation is mixed indigenous forests of mainly Brachystegia, Julbernardia and Isoberlinia species, characteristic of typical wet miombo woodlands.
Experimental design and data collection
Eucalyptusgrandis plantations in Shiwang' andu were established in January 2015 on land previously covered by mixed indigenous forests characterized with 37.2 tons ha -1 of biomass (Shakacite et al. 2016) . Site preparation followed clearing of indigenous forests. The felled trees, branches, leaves (forest residue or slash) were piled in windrows approximately 20 m wide and 100 m long and varied, depending on the size of plantation under preparation. The distance between two consecutive windrows was approximately 30 m. Windrows were left to dry for three months before burning thoroughly to ash before the onset of the rainy season. Clearing before plantation establishment resulted in the removal or redistribution of substantial nutrients from the forest floor to accumulate in the windrows. In addition, removal of slash caused an impoverishment of nutrients in the non-windrow areas (Achat et al. 2015) . Burning forest residue caused rapid mineralization of nutrients immobilized in the vegetation, increasing the concentration of nutrients in the soil under the windrows. For the purpose of this study, the sections covered by windrows were classified 'burned sites' and areas between two consecutive windrows were 'unburned sites'. E. Grandis was planted to establish plantations of various sizes on the prepared land. No fertilizer was added at planting time or during the study period. In January 2016 (1 year after the fire), 20 random 12 m 9 12 m plots were established on burned sites and 20 plots on unburned sites, and data collected. In January 2018 (3 years after the fire), data collection in the same plots was repeated. There were 16 trees in each plot, 640 trees in total for analysis.
Diameter (cm) 30 cm above ground using a caliper and height (m) were recorded for each tree (Shakacite et al. 2016) . Stem diameter and height measurements were done in 2016 and repeated in 2018. To assess bark thickness and wood density, two cores were extracted from each tree, one at 25 cm and the other 30 cm above the ground using a Haglöf Increment Borer 4.3 mm diameter (Västernorrland, Sweden). Each core was placed into a plastic straw, the ends sealed and labelled. All wood cores were transported in a cooler box to the laboratory at the Copperbelt University, Kitwe for analyses. Each sample consisted of bark, xylem and pith. Samples were oven-dried at 103°C for 48 h and measurements corrected to 12% moisture content. A distinct bark section from each core was measured with a digital veneer caliper to the accuracy of 0.1 mm. Two measurements (i.e., responding to the two core samples per tree) were averaged to obtain bark thickness. For each core, length and diameter were measured at different points with a caliper to get average diameter to calculate volume (cm 3 ) using the standard formula for a cylinder. To determine wood density, weight for each core was measured to the nearest 0.01 g and divided by its volume. Both bark thickness and wood density were assessed only for the 3-year-old saplings.
Soil sampling
Soil bulk density of the 30 cm surface layer was determined using the core method and expressed in g cm -3 (Grossman and Reinsch 2002) . To assess chemical properties, five samples from each plot were randomly collected using a 10-cm auger, separately packaged and transported to the laboratory. Each sample was passed through a 2-mm sieve. Soil pH was measured using a multi 3320 pH meter (Adamchuk et al. 1999) . Total nitrogen was determined by Kjeldahl oxidation and semi-micro Kjeldahl distillation (Bremner 1960) , and expressed as a percentage. Exchangeable calcium (Ca 2? ) and magnesium (Mg 2? ) were determined by the complexometric titration method using ethylene diamine tetra acetic acid, and available potassium (K ? ) was extracted using the Mehlich-3 method (Mehlich 1984) . Calcium, Mg 2? and K ? were expressed in milliequivalents (mEq). The total content of elemental phosphorus (P) was extracted using Bray and Kurtz (1945) expressed in parts per million (ppm). Soil organic matter was determined by the Walkley and Black method and expressed as a percentage. Soil assessment was carried out in 2016 and repeated in 2018 when E. Grandis saplings were 1-year-old and 3-years-old, respectively.
Data analysis
Mean values per plot for diameter, height, bark thickness and wood density were calculated and used as metrics for tree growth in burned and unburned sites. This was repeated for total N, soil organic matter, and pH, Ca 2? , K ? , P and Mg 2? . The strength of the relationship between growth parameters and soil characteristics was determined using Pearson correlation coefficients. To assess the effect of altering soil characteristics by fire on E. Grandis, each tree growth parameter was expressed as a function of total N, soil organic matter, pH, Ca 2? , K ? and P as a linear regression. Student t test was used to determine a difference in growth of E. Grandis between burned and unburned sites. All analyses were done in R software.
Results and discussion
This study found that total-N increased after fire and enhanced the growth of E. Grandis, and saplings on the burned sites, were significantly taller and larger than saplings on unburned sites. This suggests that the accumulation and burning of forest residues has a positive effect on young E. Grandis. This contradicts several studies that have reported that burning increased N volatilization, resulting in significant nitrogen loss from soil (Turner et al. 1997; Bond and Keeley 2005) . Trees growing on such sites are deprived of N, thereby negatively affecting plant growth (Otterstrom et al. 2006; Lawes and Clarke 2011) . Furthermore, fast-growing E. Grandis saplings on burned sites had lower wood density than the slower growing E. Grandis on unburned sites (Fig. 1) . This supports the observation that wood density decreases with increased rate of growth in planted Eucalyptus spp. (Bhat et al. 2007; DeBell et al. 2007 ).
Bulk density, pH and organic matter
Bulk density on burned sites ranged from 1.21 -1.25 g cm -3 compared to bulk density range 1.20 -1.25 g cm -3 on the unburned sites. Similar results were detected in 2015 before piling slash in windrows. Soil bulk density less than 1.5 g cm -3 has an optimum movement of air and water for similar soil types and is considered to be good soil for plant growth (Hunt and Gilkes 1992) . Bulk density did not significantly differ between 2016 and 2018 assessments or between burned and unburned sites ( Table 1 ), suggesting that it remains unaltered after fire, contrasting the observation by several researchers that burning increases bulk density and reduces moisture content (Hubbert et al. 2006; Boerner et al. 2009; Xue et al. 2014) .
Mean soil pH on burned sites in 2016 was 6.1 compared to 4.5 on unburned sites. This was similar for the 2018 assessment where pH significantly increased by 39% 3 years after fire in burned sites (p B 0.001). Generally, pH remained below 5.0 on unburned sites while on burned sites it remained above 6.5 during the assessment period ( Table 1 ), suggesting that burning decreases soil acidity.
Fire alters the availability of soil nutrients and accelerates growth... Increase in pH after burning is due to the release of alkaline cations such as Ca 2? and Mg 2? (Certini 2005; Santana et al. 2018) . A significant increase in pH as a result of burning occurs only at high temperatures as a result of the complete combustion of vegetative residues and is well correlated with concentrations of Ca 2? , Mg 2? and K ? (Khanna et al. 1994; Arocena and Opio 2003) . Similarly, soil organic matter on unburned sites was 1.1% compared to 1.5% on burned sites 1 year after fire (2016 assessment). Three years later (2018 assessment), organic matter was 1.2% on unburned sites and to 2.0% on burned sites. Increased soil organic matter on burned sites was expected because residues accumulated during the piling of felled trees and other slash. The rate of increase in organic matter on burned sites was statistically significant (1.5 to 2.0%, 15% per year, p B 0.001) and higher than on unburned sites (1.1 to 1.2%, 2.6% per year, p = 0.434). Overall, soil organic matter on burned sites increased by 32% and 72% 1-year and 3-years after fire, respectively (Table 1 ). Several studies have found similar results where organic matter increased after fire (González-Pérez et al. 2004; James et al. 2019) . There was also a positive correlation between pH and organic matter (r = 0.82, p B 0.01), suggesting that organic matter increased with pH. An increase in pH by 0.5 units would lead to increases of about 50% in organic matter, and has been linked to increased microbial activity (Kalbitz et al. 2000) . For example, earthworm activity increases with pH and has significant effects on organic matter. Earthworms ingest large quantities of soil and plant debris, releasing substantial excreta, thereby increasing organic matter (Kalbitz et al. 2000) . Furthermore, increases in pH increases the amount of negatively-charged groups on humus colloids and therefore soil organic matter increases (Andersson et al. 2000; Kemmitt et al. 2006 ).
Stocks of soil nutrients
One year after fire, K ? increased 2.5 times from 22.5 mEq on unburned sites to 57.0 mEq on burned sites (p B 0.001). A similar trend was for Ca 2? ( ? 20%, p B 0.001), P ( ? 9%, p B 0.05) and Mg 2? ( ? 51%, p B 0.001), where concentrations on burned areas were significantly higher than on unburned sites (Table 1) . Forest residues or slash contained substantial quantities of nutrients; therefore the higher levels of nutrients in the burned sites is not surprising. The availability of these nutrients increased through the combustion of residues and organic matter (Certini 2005) . In other studies, one month after a fire, available Ca 2? , Mg 2? , and K ? in the soil of a Eucalyptus plantation were significantly higher than pre-fire levels, but three to six months later, the increases were almost gone (Tomkins et al. 1991; Santín et al. 2018) . Our study, however, has shown that these nutrients can still persist even 1 year after fire, but this effect decline 3 years later (Table 1) . The fact that the study area is in a high rainfall zone and soils are highly leached, decline in Ca 2? , Mg 2? , K ? and P 3 years after fire could be attributed to leaching. Furthermore, high uptake of these nutrients by E. Grandis may have also contributed to the decline of these nutrients. More persistent fire-induced availability of these ions has also been reported elsewhere (Simard et al. 2001; Certini 2005) .
Overall, total-N on the unburned sites was 0.02% compared to 0.04% on the burned sites, more than 100% increase after fire. Total-N on burned sites increased significantly by more than three times between 2016 and 2018 due to the accumulation of forest slash. Burning enhanced the release of nitrogen from the residues, increasing total-N content. Several studies have also reported an increase in nitrogen after fire (Andersson et al. 2000; Alcañiz et al. 2018; Pellegrini et al. 2018; Parro et al. 2019) . Although P increased by 9% after fire, there was a slight decline in both sites between 2016 and 2018. On unburned sites, for example, P decreased from 527.6 ppm in 2016 to 454.3 ppm in 2018, a 13.8% decline. While on burned sites, P decreased from 577.6 in 2016 to 517.4 in 2018, a 10.4% decline (Table 1) . Net annual removal of nutrients from the soil has been reported to be significantly higher for P (i.e., approximately 30 times higher than N in Eucalyptus; Turner and Lambert 1983; de Dieu Nzila et al. 2002) . The decline in phosphorous in this study is therefore not surprising. This is in agreement with the fact that P deficiency is a major factor limiting the growth of Eucalyptus species (Fisher and Binkley 2000; Graciano et al. 2005 ).
Stem diameter and height
A diameter range of 1.6-2.3 cm was observed for 1-year old E. Grandis saplings on burned sites compared to 1.4-2.0 cm for saplings on unburned sites (Fig. 1a, b) . However, average diameter did not significantly differ between burned and the unburned sites for 1-year-old trees. Corresponding heights ranged from 2.0-2.6 m for saplings on burned sites compared to 0.9 -1.4 m heights for Fire alters the availability of soil nutrients and accelerates growth... saplings on the unburned sites. On average, 1-year-old E. Grandis on burned sites were significantly taller (2.6 ± 0.95 m) than saplings on unburned sites (1.0 ± 0.30 m; p B 0.05). This suggests that growth of 1-year-old E. Grandis height is stimulated more than diameter after fires. At 3 years (2018 assessment), the mean stem diameter on burned sites was 6.4 cm compared to 4.6 cm on unburned sites (p B 0.01). Height followed the same pattern where significantly taller saplings were on burned sites (7.3 m) than on unburned sites (4.1 m; p B 0.001). Overall, the frequency of taller and larger saplings was higher on burned sites than on unburned sites (Fig. 2) . The differences in the growth on burned compared to unburned sites of E. Grandis was more distinct at 3 years than at 1 year and suggests that the effect of fire on growth is more pronounced few years after burning.
Bark thickness and wood density
In spite being the same age (3 years), trees on burned sites had thicker bark (4.6 mm) than trees on unburned sites (3.3 mm). Bark thickness in E. Grandis increased after fire (p B 0.01, Fig. 1c ). This result agrees with the observation that vigorously growing E. Grandis increases bark thickness along with diameter (Quilhó and Pereira 2001) . Increase in bark thickness on burned sites in this study supports the observation that soil gains in Ca 2? , Mg 2? and K ? favor greater investment in bark thickness formation during early years of tree development (Fromm 2010; Paine et al. 2010 ). However, wood density for E. Grandis on burned sites was 329.65 g cm -3 compared to 446.76 g cm -3 on unburned sites, a 26% decrease in wood density. Generally, wood density of trees on unburned sites was significantly higher than wood density of trees on burned sites (p B 0.001, Fig. 1d ). In softwoods, increased growth rate produces wider growth rings, and narrower latewood than early wood, resulting in relatively low wood density (Saranpää 2003; Sopushynskyy et al. 2017) . However, in hardwood plantations, including Eucalyptus spp., the effect of increased growth rate is still unclear (Saranpää 2003; Carrillo et al. 2015; Ko et al. 2017) . In this study, slow growing trees on unburned sites had higher density than faster growing trees on burned sites, consistent with reports by King et al. (2006 ), Sotelo Montes et al. (2017 ), and Pretzsch et al. (2018 . However, other studies did not find a relationship between rate of growth and wood density in Eucalyptus (Quilhó and Pereira 2001; Saranpää 2003) . Fig. 2 Histograms of mean height and diameter (logtransformed) across trees per plot. Note the clear difference between sites with taller and larger saplings on burned sites compared to unburned sites. The differences were tested using t test (height: t = 14.71, df = 293.96, p \ 0.0001; diameter: t = 11.09, df = 316.77, p \ 0.0001)
Effect of fire-induced nutrient changes on tree growth
The effects of soil nutrient changes after fire on E. Grandis are summarized in the regression analysis output (Tables 2,  3) . Total-N had a significant effect on diameter (t = 6.10, r = 0.88, p B 0.001; Table 2 ); soil organic matter also had a similar effect (t = 2.45, r = 0.61, p B 0.001; Table 2 ). Although Ca 2? , Mg 2? , K ? and P increased relatively after fire, their effect on diameter was insignificant (p C 0.05; Table 2 ). Generally, Ca 2? , Mg 2? and P are limiting nutrients in many Eucalyptus plantations on Acrisol soils (Dell et al. 2001; Merino et al. 2005) , similar to the soils in this study. This suggests that the application of fertilizers containing Ca 2? , Mg 2? and P may not significantly improve growth, but fertilizers containing organic matter and total-N should be encouraged (Merino et al. 2005) . Similarly, total-N and organic matter were positively correlated with height (total-N vs height: t = 3.43, r = 0.77, p B 0.01; organic matter vs height: t = 3.57, r = 0.54, p B 0.001; Table 2), i.e., tree height increases with total-N and soil organic matter. The effect of pH on height was insignificant (p C 0.05, r = 0.04; Table 2 ). There was a negative correlation between K ? and height after fire (t = -3.73, r = -0.55, p B 0.0001; Table 2 ). Total-N had an effect on bark thickness (t = 7.77, r = 0.89, p B 0.001; Table 3 ). Although pH did not affect bark thickness (t = -0.19, r = 0.17, p C 0.05; Table 3 ), its effect on wood density was significant (t = 2.39, r = 0.51, p B 0.05; Table 3 ). The effect of total-N on wood density was highly significant (t = 5.92, r = 0.83, p B 0.001; Table 3) while the effect of soil organic matter was insignificant (t = -0.51, r = -0.09, p C 0.05; Table 3 ). Soil pH also correlated with wood density (t = 2.39, r = 0.51, p B 0.05). The effect of phosphorus on wood density was significant and correlated negatively (t = -2.20, r = -0.75, p B 0.014; Table 3 ), suggesting that an increase in phosphorus decreases wood density. This is not surprising because phosphorus limitation is known to increase wood density in young E. Grandis (Thomas et al. 2006 ).
Conclusion
Burning of accumulated vegetal matter or slash increases soil nutrients and enhances the growth of young E. Grandis. Soil pH increased towards alkaline levels after burning, supporting the observation that burning forest residues has a liming effect on the soil. This enhanced the availability of Fire alters the availability of soil nutrients and accelerates growth... nutrients. Essential soil nutrient levels, including total-N, increased on burned sites and promoted tree growth However, 3 years after the fire the concentration of these elements declined, possibly due to leaching and to the rapid uptake of nutrients by the growing Eucalyptus. Further research considering the status of soil nutrients as well as the pattern of tree growth beyond 3 years could make a significant contribution to the optimization of fertilizer application and other silvicultural practices that can improve soil nutrient status and support growth of E. Grandis. Since burning residues increases plant growth, putting slash in piles should therefore be avoided in order to have even distribution of nutrients in the planting area.
